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E-mail address: Simon.Boulton@cancer.org.uk (S.J.DNA double strand breaks and blocked or collapsed DNA replication forks are potentially genotoxic
lesions that can result in deletions, aneuploidy or cell death. Homologous recombination (HR) is an
essential process employed during repair of these forms of damage. HR allows for accurate restora-
tion of the damaged DNA through use of a homologous template for repair. Although inroads have
been made towards understanding the mechanisms of HR, ambiguity still surrounds aspects of the
process. Until recently, relatively little was known concerning metabolism of postsynaptic RAD51
ﬁlaments or how synthesis dependent strand annealing intermediates are processed. This review
discusses recent ﬁndings implicating RTEL1, HELQ and the Caenorhabditis elegans RAD51 paralog
RFS-1 in post-strand exchange events during HR.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Homologous recombination plays a central role in maintenance
of genomic integrity. Having evolved prior to the divergence of
bacteria, archaea and eukaryotes, it is thus present in all forms of
life and is the primary means by which DNA double strand breaks
(DSBs) are repaired in replicating and post-replicative cells where
sister chromatid templates are available. The HR machinery is also
required for replication restart, an essential process that allows re-
establishment of blocked or broken replication forks. Additionally,
HR based mechanisms appear to be utilized exclusively for the
reductional meiotic cell division that occurs in eukaryotes, result-
ing in gametes for reproductive purposes. The signiﬁcance of HR
to human health is evidenced by numerous diseases associated
with defects in HR, including but not limited to infertility, neurode-
generation, premature aging and cancer.
The current model of HR as it is understood in eukaryotes is
summarized in Fig. 1 [1,2]. Initiation of recombination usually in-
volves a free dsDNA end, although HR proteins can be loaded onto
gapped substrates that arise at blocked replications forks. DSB ends
are resected by MRN/CtIP (MRX/Sae2 in yeast), DNA2 and EXO1,
the latter two nucleases being stimulated by the BLM helicase
(Sgs1 or Rqh1 in yeast), to yield a 30 ssDNA overhang [3]. The over-
hang is bound by the RecA family protein RAD51, forming a nucle-
oprotein ﬁlament that facilitates the search for homology viachemical Societies. Published by E
.
Boulton).transiently interacting with dsDNA to locate a homologous tem-
plate. The ssDNA-RAD51 ﬁlament transitions to a dsDNA-RAD51
ﬁlament when homology is detected. This results in annealing of
the ssDNA from the damaged template to the complementary do-
nor strand, while the non-complementary strand of the homolo-
gous template is displaced, forming a D-loop. Once strand
exchange occurs, the free 30 end is used to prime DNA synthesis.
Repair can either proceed via displacement of the extended invad-
ing strand resulting in synthesis dependent strand annealing
(SDSA), or through generation of a Holliday Junction (HJ) requiring
HJ resolution or dissolution (Fig. 1).
Despite the large body of knowledge accrued surrounding the
subject, mystery still shrouds aspects of HR. In particular, factors
involved in removal of postsynaptic RAD51 ﬁlaments from strand
exchange intermediates remained elusive and the mechanism of
SDSA-dependent strand exchange termination was unknown. Re-
cent work from our laboratory and others has begun to shed light
on these subjects. Here we discuss the implication of RTEL1, HELQ
and a RAD51 paralog in post-strand exchange events of HR and ex-
plore potential connections between these genes and human
disease.
2. RTEL1: mediator of SDSA and guardian of telomeres
Rtel1 is a helicase that was originally identiﬁed as a telomere
maintenance factor, required for proper regulation of telomere
length and stability [4]. It was later isolated in a screen to uncover
helicase mutants that were synthetic lethal when combined withlsevier B.V. All rights reserved.
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Fig. 1. HR models. Processing of a DSB end produces a 30 ssDNA overhang, which is utilized by RAD51 to catalyze strand exchange resulting in D-loop formation. Replication
(dotted lines) is initiated from the 30 end of the invading strand, and removal of RAD51 ﬁlaments from dsDNA by HELQ, RAD54 and RFS-1 may occur upon elongation or at
subsequent steps in the pathway. Reversal of D-loops by RTEL1 results in SDSA, a non-crossover product, whereas second end capture leading to HJ formation can be resolved
by MUS-81/MMS4 resulting in a crossover. The generation of a double HJ leads to resolution by HJ resolvases, resulting in crossover or non-crossover products. Alternatively,
double HJs can be processed by BLM/TOPOIIIa, which catalyze non-crossover dissolution.
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[5]. Saccharomyces cerevisiae Sgs1 and its vertebrate counterpart
Blm are helicases that play an integral role in maintenance of gen-
ome stability; elevated levels of recombination and sister chromatid
exchange are hallmarks of sgs1 and Blmmutants, and BLM patients
are predisposed to cancer [6]. In S. cerevisiae, sgs1mutations are syn-
thetic lethal with srs2 mutations, a helicase that also functions to
suppress recombination [7]. Since sequence based searches failed
to identify a clear Srs2 homolog in metazoans, the C. elegans screen
was devised to isolate potential functional Srs2 analogs. Synthetic
lethality between C. elegans him-6 and rtel-1 raised the possibility
that Rtel1 was a metazoan analog of Srs2. Subsequent research has
revealed functional similarities as well as differences between the
RTEL1 and Srs2 helicases; nevertheless, this work has ﬁrmly estab-
lished RTEL1 as a key regulator of HR. Together these studies posi-
tion RTEL1 as an important guardian of the genome through its
ability to promote SDSA and maintain telomere stability.
2.1. RTEL-1 mediates D-loop disruption
The strong hyper-recombination phenotype of S. cerevisiae srs2
mutants [8] and the observation that mutations in HR genes sup-press synthetic lethality of srs2 sgs1 double mutants [9], suggested
Srs2 was a potent antirecombinase. Biochemical support for this
hypothesis later emerged when puriﬁed Srs2 was shown to be
capable of disrupting Rad51-ssDNA ﬁlaments in vitro [10,11].
Rad51-ssDNA ﬁlaments are formed prior to (and in most forms
of DSB repair are a pre-requisite to) strand exchange, thus the abil-
ity of Srs2 to antagonize the formation of presynaptic HR interme-
diates is thought to be the basis for its antirecombinase activity.
The presynaptic RAD51 ﬁlament disruption activities of Srs2
compelled examination of the biochemical properties of RTEL1
[5]. These studies led to the discovery that unlike Srs2, RTEL1 has
little or no activity against RAD51-ssDNA ﬁlaments resembling
presynaptic HR substrates. Instead, RTEL1 was able to disassemble
pre-formed D-loops, indicating RTEL1 can efﬁciently unwind syn-
thetic strand exchange intermediates. These results strongly sug-
gested that RTEL1 functioned in a late stage of recombination,
unwinding D-loop repair intermediates to either antagonize HR
altogether, or to promote SDSA-mediated HR.
The issue of whether RTEL1 antagonizes HR or conversely pro-
motes non-crossover SDSA was addressed in the recent study by
Youds et al. in which the increased incidence of meiotic crossover
formation in rtel-1mutant worms was examined [12]. In wild type
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Fig. 2. T-loop model. Telomeres contain a 30 ssDNA overhang, which is hidden from
the DNA repair machinery through looping of the telomere back onto itself,
resulting in a T-loop. T-loop formation is thought to occur by invasion of the ssDNA
tail into double stranded telomere sequence, resulting in displacement of the non-
complementary strand. The similarity between this structure and the D-loop
intermediate formed during HR raises the possibility that RTEL1 may be able to
catalyze reversal of the T-loop.
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gous chromosome pair with only one of these DSBs being repaired
as a crossover [13]; all extra meiotic DSBs are repaired via non-
crossover pathways. In contrast, Youds and colleagues demon-
strated that in rtel-1 mutants, all meiotic DSBs are converted to
crossovers. These results suggest that RTEL-1 is required for the
execution of non-crossover repair during normal meiosis. Since
non-crossovers and crossovers form with different kinetics during
S. cerevisiaemeiosis, it has been proposed that they arise via differ-
ent mechanisms [14], with non-crossovers being primarily SDSA-
dependent and crossovers requiring formation of a HJ intermedi-
ate. The SDSA-dependent origin of non-crossovers has been born
out in yeast [15], and additional studies in other organisms have
pointed toward similar phenomenon in mitotic cells [16,17].
Accordingly, RTEL-1’s role in promoting non-crossovers during C.
elegans meiosis and its in vitro D-loop disruption activities impli-
cate RTEL1 as the primary determinant of meiotic SDSA.
To further clarify RTEL1’s role in SDSA, its activity on synthetic
D-loop structures was examined. In vitro analysis of RTEL1 medi-
ated D-loop disruption of substrates containing either no overhang,
an overhang mimicking a 50 end invaded D-loop, or an overhang
mimicking a 30 end invaded D-loop demonstrated a preference
for unwinding the 30 end invasion structure [12]. Unwinding of a
30 end invaded D-loop is the physiological activity relevant to
SDSA-mediated DSB repair, thus indicating a mechanism by which
RTEL1 could promote non-crossover repair.
Analysis of RTEL1’s ability to disrupt synthetic D-loop struc-
tures indicated a dependence on the presence of either RPA alone
or RAD51 and RPA in the reaction [12]. While the basis of this
dependence is still unclear, this may explain the persistence of
RAD-51 foci observed in rtel-1 mutant C. elegans germ lines [5].
In vivo, RTEL-1 may act on both strand exchange intermediates
containing and lacking RAD-51 ﬁlaments. This would imply that
at least some postsynaptic RAD-51 ﬁlaments could persist
throughout repair synthesis, requiring their concomitant removal
upon resolution of D-loops. However, it remains possible that
RTEL1 acts primarily on D-loops that have been stripped of RAD-
51 ﬁlaments in vivo, in which case the persistent RAD-51 foci
may represent ﬁlaments formed on the unengaged second end of
the DSB. Certainly, evidence suggests that the 30 end of the invaded
strand must be cleared to permit heteroduplex extension by DNA
synthesis [18], which is a pre-requisite to the proposed action of
RTEL1 in displacing the extended strand during SDSA.
A surprising ﬁnding to come from the analysis of crossovers in
RTEL-1 deﬁcient worms was that the formation of extra crossovers
primarily depended on the structure-speciﬁc endonuclease, MUS-
81 [12]. Meiotic crossover formation in most organisms proceeds
via a canonical pathway involving Msh4/Msh5, Mlh1 and HJ resol-
vases [19]. A secondary pathway involving Mus81/Mms4 also con-
tributes to meiotic crossover formation [20], but in many cases,
this secondary pathway appears to play a relatively minor role
[21–23]. Given the ﬁnding that nearly all surplus meiotic DSBs in
rtel-1 mutants appear to be repaired as crossovers in a MUS-81-
dependent fashion, the implication is that processing of meiotic
HR intermediates by MUS-81/MMS-4 results exclusively in cross-
over formation. This validates the results of in vitro studies of
MUS81/MMS4 in which cleavage of nicked HJ substrates resulted
solely in crossovers [24]. In addition, the ability of MUS-81 to com-
pensate for RTEL-1 deﬁciency indicates that recombination inter-
mediates formed in RTEL-1’s absence are suitable substrates for
MUS-81/MMS-4. This is consistent with a model in which HR inter-
mediates that are not reversed by SDSA, are able to transition to
MUS81/MMS4 substrates (Fig. 1).
The meiotic phenotype of rtel-1 mutant worms, and the associ-
ation between infertility and chromosome instability syndromes
(e.g. Nbs1 and Blm [25,26]) raise the possibility that RTEL1 is re-quired for non-crossover formation during mammalian meiosis.
In mammalian meiosis, a huge excess of DSBs are generated in
relation to the total number of crossovers. For example, 220
RAD51 foci (used to mark meiotic DSB intermediates) are regularly
observed in mouse spermatocytes during early meiotic prophase
[27], whereas only 23 MLH1 foci (a marker of crossovers) are ob-
served on average [28]. Non-crossover DSB repair mechanisms
such as SDSA would therefore be a critical means of resolving the
residual 10-fold excess of DSBs. As noted previously, potential
studies of RTEL1 functions in mammalian meiosis are confounded
by the embryonic lethality of Rtel1 mutant mice, and even condi-
tional inactivation of Rtel1 may be problematic as the ﬁeld lacks
a potent, tightly regulated meiotic- or premeiotic-Cre transgenic
line.
2.2. RTEL1 roles in telomere and genome stability maintenance
Telomeres are repetitive sequence elements that protect the
ends of linear chromosomes from shortening during successive
rounds of DNA replication. The protein composition and secondary
structure of telomeres also act to shield chromosome ends from
metabolism by the DNA DSB repair machinery [29]. The protection
of mammalian telomeres is accomplished by binding of a telomere
sequence-speciﬁc multi-protein complex called shelterin. Shelterin
is thought to catalyze the formation of secondary telomere struc-
tures called T-loops (Fig. 2), which further mask telomeric ends
from DNA damage response surveillance factors. The loss of telo-
meric sequence from chromosome termini, or ablation of telomere
protection has catastrophic effects (including chromosome fusions,
apoptosis and senescence) in proliferative settings, highlighting
the importance of telomere integrity in maintenance of genome
stability and survival.
RTEL1 was originally implicated in telomere maintenance
through its identiﬁcation in a screen for genes regulating inter-spe-
cies telomere length diversity [30]. Subsequent analysis of Rtel1
deletion in mice led to the discovery that it was required for
embryonic viability, with embryonic stem (ES) cells derived from
these mice exhibiting reduced average telomere length in compar-
ison to controls. In addition, metaphase spread preparations from
Rtel1 mutant cells exhibited numerous signal free ends, suggestive
of telomere loss as well as chromatid breaks. These results indi-
cated that RTEL1 plays a role in telomere maintenance.
Insight into RTEL1’s function at telomeres came from the anal-
ysis of conditional Trf1 deletion in mouse cells [31]. Using single
molecule analysis of replicated DNA, the authors showed that
TRF1-deﬁciency leads to fork stalling during telomere replication,
resulting in telomere fragility as evidenced in metaphase spread
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mechanism of telomere fragility, the authors examined the effect
of depleting helicases that could potentially act on G-quadruplex
(G4) DNA: BLM and RTEL1. G4 secondary structures form in G-rich
sequences and telomeric intramolecular G4 DNA has been ob-
served in vitro and in vivo [32,33]. Analysis of BLM or RTEL1 deple-
tion alone induced a fragile telomere phenotype similar to that of
TRF1-deﬁciency and consistent with the telomere phenotype ob-
served by Ding et al. in RTEL1 mutant ES cells [4]. Depletion of
BLM or RTEL1 in conjunction with Trf1 deletion indicated an epi-
static relationship, suggesting these factors work in the same path-
way to suppress telomere fragility.
To explain the fragile telomere phenotype, Sfeir et al. postulated
that telomere-associated replication stress could be due to the
tight association of telomeric binding proteins or to the formation
of secondary structures such as G4 DNA or T-loop formation, all of
which could present a block to replication fork progression. Since
interstitial telomere sequence fragility has been reported [34],
the authors favoured the possibility of telomere sequence binding
proteins and/or G4 DNA induced fragility since T-loops would only
form at terminal telomeres. Consistent with this, RTEL1 is most re-
lated in protein sequence to the FANCJ helicase, which has been
shown to possess potent G4 DNA unwinding activity in vitro
[35]. Thus analogous to FANCJ, RTEL1 may act to remove G4 sec-
ondary structures to facilitate telomere replication. Nevertheless,
biochemical evidence that RTEL1 possesses G4 DNA unwinding
activity has not been established. It is also noteworthy that the C.
elegans FANCJ mutant (dog-1; deletion of G-tracts) accumulates
spontaneous deletions at endogenous G4 forming sequences [36],
whereas rtel-1 mutants do not [5].
In addition to potential problems during telomere replication
associated with G4 forming sequence, the possibility that T-loops
also contribute to telomere replication problems cannot be for-
mally ruled out. The proposed T-loop structure forms by HR and
is largely analogous to the D-loop (Fig. 2). Therefore, RTEL1 medi-
ated T-loop resolution may also contribute to telomere stability in
a manner similar to its D-loop reversal activity, although biochem-
ical evidence that RTEL1 can disrupt T-loop structures has not been
established. Similarly, resolution of a T-loop by BLM is an addi-
tional explanation for BLM’s ability to protect fragile telomeres.
In light of the proposed role of RTEL1 in meiotic SDSA, and its
role in protecting chromosome ends from telomere fragility, it is
not difﬁcult to envision a general role for RTEL1 in maintaining
genome stability in mitotic cells. Consistent with this, RTEL1 deﬁ-
cient ES cells frequently exhibited non-telomere associated chro-
mosomal aberrations [4]. Aberrations consisted of chromatid and
chromosome breaks, fragments and radials. Furthermore, Barber
et al. demonstrated that mutations in both human and worm Rtel1
result in sensitivity to DNA damaging agents that induce replica-
tion stress [5]. These results raise the possibility of a general role
for RTEL1 in maintenance of genomic stability, with telomeric se-
quences representing a particularly vulnerable subset of the gen-
ome in RTEL1’s absence.
Loss of HR components has far reaching consequences in dis-
ease. For example, the human chromosome instability syndromes
Ataxia telengiectasia-like disorder, Nijmegen breakage syndrome,
Bloom syndrome and Werner syndrome are associated with muta-
tions in the HR genes Mre11, Nbs1, Blm and Wrn, respectively.
These patients suffer from numerous disorders including immune
dysfunction, microcephaly, sun sensitivity, congenital defects,
infertility, tumor predisposition, and premature aging [37].
Although germ line mutations in Rtel1 have not been identiﬁed,
links between Rtel1 and tumorigenesis have been reported. In
one study of gastrointestinal tract tumors, Rtel1 (referred to as
Nhl in this report) was identiﬁed in a genomic region closely linked
to a gene that was frequently ampliﬁed in these tumors [38]. Morerecently, Rtel1 was identiﬁed in two independent genome-wide
association studies as one of several risk loci for susceptibility to
gliomas [39,40]. Since Rtel1 deletion is embryonic lethal in mice,
whether or not Rtel1 dysfunction or ampliﬁcation alone increases
tumor susceptibility in mammals remains an open question. The
conditional deletion of Rtel1 post-developmentally or identiﬁca-
tion of a hypomorphic allele, and generation of an overexpression
model would help to address these questions.3. Antagonism of postsynaptic RAD51 ﬁlaments by HELQ and
the C. elegans RAD51 paralog RFS-1
The RecA and RAD51 proteins play a central role in HR through
their ability to mediate strand exchange. How the RecA family pro-
teins facilitate strand exchange is not entirely known, but the pro-
cess entails assembly of a helical protein ﬁlament on ssDNA (prior
to strand exchange), which transitions or re-assembles along
dsDNA upon initiation of strand exchange. Eukaryotic RAD51-
ssDNA ﬁlaments are highly dynamic, a property that is thought
to be advantageous prior to strand exchange, allowing ﬁlament
turnover and reassembly during the homology search until a suit-
able template is recognized. Filaments formed on dsDNA, in con-
trast, appear to be extremely stable [41,42]. A stable RAD51-
dsDNA ﬁlament would in turn stabilize the interaction between
the invading strand and the homologous strand of the duplex tem-
plate. The transition to a stable RAD51-dsDNA ﬁlament may also
facilitate heteroduplex extension. The stability of the post-strand
exchange ﬁlament could hinder subsequent repair steps however,
or perhaps impair resolution of HR intermediates, thus the possi-
bility that accessory factors stimulate turnover of the RAD51-
dsDNA ﬁlament in vivo has been proposed.
Until recently, RAD54 was the only known protein capable of
disrupting RAD51-dsDNA ﬁlaments in vitro [43,44]. In biochemical
assays, RAD54 was unable to disassemble fully saturated RAD51-
dsDNA ﬁlaments, suggesting that it acts only on discontinuous ﬁl-
aments or ﬁlament ends [44]. A role for RAD54 in promoting disas-
sembly of RAD51-dsDNA ﬁlaments is consistent with the fact that
RAD51 foci persist in the absence of Rad54 in yeast and vertebrates
cells. Nevertheless, RAD54 has been shown to possess other bio-
chemical activities in HR, including cross-bridging dsDNA mole-
cules, stimulating Rad51-mediated strand exchange, extension of
heteroduplexes, branch migration activity and remodeling of chro-
matin to facilitate HR [45]. It is currently unclear which of these
biochemical activities correspond to the essential function of
Rad54 in vivo as perturbation of any one of these activities would
also lead to persistent RAD-51 foci. The observation of stable, per-
sistent post-strand exchange RAD51 foci in C. elegans helq-1, rfs-1
double mutants led to the discovery of two new RAD51-dsDNA ﬁl-
ament disruption mechanisms, which may facilitate RAD54’s activ-
ity or function alone to clear RAD51 ﬁlaments from post-strand
exchange intermediates [46].
3.1. RFS-1 and HELQ in DNA repair
In addition to RAD51, many eukaryotic organisms contain a
number of RAD51 paralogs that are also required for HR. Verte-
brates possess ﬁve paralogs with sequence and domain structures
similar to RAD51: RAD51B, RAD51C, RAD51D, XRCC2 and XRCC3.
Mutations of these genes lead to acute sensitivity to ICL agents
and mild IR sensitivity [47–52]. The primary function of the
RAD51 paralogs is thought to be promotion of RAD51 assembly
at damage sites since each individual paralog mutation results in
a defect in RAD51 foci formation in response to damage. However,
as mentioned above, the spectrum and severity of sensitivities to
DNA damaging agents of paralog mutants suggest that the
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events during DNA replication (as suggested by the exquisite sen-
sitivity to ICL agents) as opposed to HR repair of conventional DSBs
(suggested by the mild IR sensitivity). Additional roles downstream
of RAD51 ﬁlament assembly have been proposed based on bio-
chemical analysis of the paralogs [53–55] and the immunolocaliza-
tion of RAD51C to late HR intermediates during mouse
spermatogenesis [54]; but separation of these late functions from
upstream roles has been difﬁcult to address in vivo.
RFS-1 appears to be the sole RAD51 paralog in C. elegans. Like its
vertebrate counterparts, rfs-1 mutant worms are sensitive to ICL-
inducing agents and CPT, and fail to form RAD-51 foci after damage
with these agents [56]. RFS-1 deﬁcient worms are also mildly sen-
sitive to IR. In contrast to the vertebrate RAD51 paralogs, however,
RFS-1 is dispensable for RAD-51 focus formation in response to IR
induced DSBs, meiotic DSBs, or after replication fork collapse.
These data are consistent with the proposal that RFS-1 plays a spe-
ciﬁc role in promoting HR in situations where replication fork
blocks are encountered.
HELQ (also known as HEL308) is a member of the Mus308 gene
family, a group of helicase domain containing proteins conserved
in metazoans that are implicated in DNA repair. Mutations in the
Drosophila melanogaster HELQ homolog, mus301/spn-C, are sensi-
tive to ICL-inducing agents and weakly to IR, and exhibit meiotic
defects including checkpoint activation, persistent histone H2A
phosphorylation (a marker of DSBs) and chromosome missegrega-
tion [57,58]. Analysis of the C. elegans HELQ homolog, HELQ-1, re-
vealed it is required for ICL resistance, similar to Drosophila
Mus301 [59]. Dissection of HELQ-1’s function in ICL repair indi-
cated that it acts in a genetically distinct pathway to C. elegans
BRCA1 (brc-1), but is epistatic to C. elegans FANCD2 (fcd-2). To-
gether, these phenotypes position HELQ as an integral component
of the Fanconi Anemia branch of the ICL repair pathway, with func-
tions that are also relevant to meiotic DSB repair in the case of
Drosophila.
In efforts to further understand HELQ’s function in repair, helq-1
mutant worms were crossed with worms carrying mutations in
other ICL repair genes to examine genetic interactions. This led
to the discovery that helq-1 mutations are synthetic lethal in com-
bination with rfs-1 mutations, resulting in embryonic lethality in
greater than 90% of ﬁrst generation offspring from double mutants
[46]. Analysis of germ lines from the double mutants revealed a
meiosis-speciﬁc defect, the most prominent feature of which was
the nearly complete failure to resolve meiotic DSB-induced RAD-
51 foci in the absence of HELQ-1 and RFS-1. This is in stark contrast
to each single mutant, which exhibit nearly wild type viability and
only subtle defects in meiosis (including a mild him phenotype in
rfs-1mutants [60], indicative of non-disjunction, and a slight delay
in resolution of RAD-51 foci in helq-1 mutants [46]).
Two different scenarios could explain the persistence of RAD-51
foci in helq-1, rfs-1 double mutants: they could arise via failure to
promote RAD-51 mediated strand exchange, or due to a defect in
resolution of postsynaptic RAD-51 ﬁlaments or strand exchange
intermediates. To distinguish between these two possibilities, the
authors examined the effect of RTEL-1 deﬁciency in each single
mutant, reasoning that RTEL-1’s D-loop disruption activity may
compensate for HELQ-1 or RFS-1 deﬁciency if they operate on
post-strand exchange intermediates. On the contrary, removal of
RTEL-1’s D-loop disruption activity should have no effect in helq-
1 or rfs-1mutants if they function in promotion of strand exchange.
Loss of RTEL-1 in either the helq-1 or rfs-1 background resulted in
partial synthetic lethality and persistent RAD-51 foci similar to re-
sults in helq-1, rfs-1 double mutants and in contrast to each single
mutant where resolution of RAD-51 foci is normal [46]. These re-
sults are indicative of a post-strand exchange role for HELQ-1
and RFS-1 in HR.3.2. HELQ-1 and RFS-1 RAD-51 ﬁlament disruption: different means to
the same end
The discovery that RTEL-1’s D-loop disruption activity is re-
quired for the normal resolution of meiotic RAD-51 foci in helq-1
and rfs-1 single mutant worms suggests a postsynaptic role for
HELQ-1 and RFS-1 in HR. The physical interaction between RAD-
51 and both RFS-1 and HELQ-1 [46,56,61], raised the possibility
that modulation of RAD-51 was direct. These observations
prompted examination of the biochemical properties of RFS-1
and HELQ-1 with respect to removal of RAD-51 from ssDNA and
dsDNA ﬁlaments. The addition of either full length HELQ-1 or an
RFS-1 peptide that interacts with RAD-51 (employed due to insol-
ubility of full length RFS-1) to pre-formed RAD-51-dsDNA ﬁla-
ments resulted in the rapid dissociation of RAD-51 from linear
dsDNA. In contrast, neither BRC-2 (also a RAD-51 binding protein)
nor RECQ-5 (a RecQ helicase that disrupts RAD-51-ssDNA ﬁla-
ments) were capable of disrupting RAD-51-dsDNA ﬁlaments under
the same conditions, underlining the speciﬁcity of HELQ-1 and
RFS-1’s activity in these reactions. Furthermore, HELQ-1 and RFS-
1 speciﬁcally disrupted dsDNA, but not ssDNA, RAD-51 ﬁlaments.
These results are consistent with the interpretation that HELQ-1
and RFS-1 promote a post-strand invasion step of HR via disruption
of postsynaptic RAD-51 ﬁlaments.
Single molecule studies of RAD51 ﬁlaments formed on dsDNA
have deepened our understanding of intrinsic mechanisms of ﬁla-
ment turnover, an important step forward that will undoubtedly
provide insight to how disassembly may be modulated in vivo.
RAD51-dsDNA ﬁlaments formed in the presence of non-hydrolyz-
able ATP analogs or using ATPase dead RAD51 mutants are extre-
mely stable [41,42], exhibiting a disassembly rate 5–10-fold
lower than the disassembly of ﬁlaments pre-formed in the pres-
ence of ATP followed by transfer to ATP free solutions [41]. Even
RAD51-dsDNA ﬁlaments incubated in solutions containing free
ATP disassemble 5-fold slower than ﬁlaments incubated in the ab-
sence of ATP [41], and this rate was not altered by the presence of
excess competitor DNA. These results suggest that ATP turnover
can stimulate RAD51 release from ﬁlaments but that excess free
ATP may allow recycling of monomers without disengagement
from the ﬁlament. A subsequent report by van Mameren et al.
demonstrated that disassembly occurs in short bursts punctuated
by long pauses of inactivity [62]. Their results were consistent with
a model in which disassembly occurs by successive disengagement
of RAD51 monomers from ﬁlament ends, with pauses arising when
a monomer containing ATP is encountered; disassembly resumes
when this monomer hydrolyzes its bound ATP. Together, these
studies indicate that RAD51 ﬁlament turnover from dsDNA is
intrinsically sporadic and slow, raising the likelihood that factors
modulate RAD51 release from ﬁlaments in vivo.
One possible means of promoting RAD51 ﬁlament turnover
would be via stimulation of its ATPase activity. The RFS-1 peptide
mediated release of RAD-51 from dsDNA ﬁlaments may represent
such a mechanism. Ward et al. reported that RAD-51-dsDNA ﬁla-
ments formed in the presence of ATP were rapidly disassembled
upon addition of the RAD-51 interacting peptide from RFS-1,
whereas ﬁlaments formed in the presence of AMP-PNP, a non-
hydrolyzable ATP analog, were completely stable in the presence
of the peptide [46]. Therefore, the RFS-1 peptide not only interacts
with RAD-51, but it is also able to remove RAD-51 from ﬁlaments
in a manner dependent upon ATP hydrolysis by RAD-51. RFS-1
mediated stimulation of RAD-51’s ATPase activity is a plausible
explanation for these observations.
RFS-1’s postsynaptic RAD-51 ﬁlament disruption activity raises
the possibility that RAD51 paralogs from other organisms operate
in postsynaptic ﬁlament disruption. The vertebrate paralogs are re-
quired for RAD51 foci formation in vivo [47–52], and exhibit intrin-
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mote RAD51-mediated strand exchange in vitro [63]; they may
also assist in downstream steps of repair such as HJ resolution
[54,64,65] and dissolution [55] based on biochemical analyses.
But to our knowledge, activity of the paralogs on post-strand ex-
change RAD51 ﬁlaments has not been examined, which is likely
due to the difﬁculties associated with extensive aggregation of
puriﬁed Rad51 paralog complexes when incubated in the presence
of DNA.
A set of studies that provide insight to the in vivo roles of RAD51
paralogs downstream of strand exchange involve analysis of prod-
ucts from HR reporter loci in RAD51 paralog mutant backgrounds
[66–68]. Hamster cells carrying RAD51C, XRCC2 and XRCC3 muta-
tions display the expected reduction in HR levels, but examination
of the residual HR products that are formed in the mutants reveal a
dramatic shift toward longer conversion tracts, resulting in a 4–10-
fold increase in long tract gene conversion. The authors invoke var-
ious mechanisms to explain how the paralogs may act to nega-
tively regulate gene conversion tract length, including
stabilization of short heteroduplex strand exchange intermediates
and promotion of nascent strand displacement during SDSA. The
latter seems plausible in light of in vitro branch migration activity
of various paralog complexes [64]. In addition to this activity, how-
ever, (or alternatively) it is possible that RAD51C, XRCC2 or XRCC3
promote short tract gene conversion by clearance of RAD51-dsDNA
ﬁlaments, thereby facilitating efﬁcient action of D-loop reversal
factors such as RTEL1.
The possibility that increased gene conversion tract length in
vertebrate RAD51 paralog mutants reﬂects a role in promoting dis-
placement of RAD51-dsDNA ﬁlaments, akin to RFS-1, is further
supported by the observation that RAD54 overexpression leads to
reduced gene conversion tract length, whereas overexpression of
ATPase dead RAD54 has the opposite effect [69]. Since RAD54 does
not exhibit strand displacement activity [45], it appears that the
ATPase dependent RAD51 ﬁlament removal activity of RAD54
[43] may directly inﬂuence gene conversion tract length. This re-
sult suggests that RAD51 paralogs could similarly affect gene con-
version tract length via a postsynaptic ﬁlament displacement
activity.
Other mechanisms that, in theory, could promote RAD51 disas-
sembly from dsDNA ﬁlaments would be direct removal of mono-
mers via competition for ﬁlament-stabilizing RAD51 interactions
and/or clearance of ﬁlaments mediated by a translocase. A translo-
case mechanism is thought to account for RAD54’s ﬁlament disrup-
tion activity [43,70,71]. The ability of HELQ to translocate along
DNA and displace streptavidin and other DNA binding proteins
[72] suggests a similar means by which HELQ-1 could remove
RAD-51 ﬁlaments. Surprisingly, the ATPase/helicase activity of
HELQ-1 was dispensable for RAD-51 removal [46]. This feature al-
lowed examination of HELQ-1’s activity on RAD-51 ﬁlaments
formed in the presence of non-hydrolyzable ATP. In contrast to
the RFS-1 peptide, helicase dead HELQ-1 was still able to efﬁciently
remove RAD-51 ﬁlaments formed in the presence of AMP-PNP,
indicating that ATP hydrolysis by RAD-51 was not necessary for ﬁl-
ament turnover. These data imply that HELQ-1 is capable of
removing RAD-51 from dsDNA ﬁlaments by competitive binding
to RAD-51, consistent with the observed stoichiometric removal
rather than by a catalytic mechanism.
Though the in vitro RAD51-dsDNA ﬁlament clearance activities
of HELQ-1 and RFS-1 appear to require stoichiometric amounts of
these proteins, similar quantities may not be necessary at postsyn-
aptic intermediates in vivo if various ﬁlament clearance mecha-
nisms cooperate. For example, it was proposed that although
dispensable in vitro, HELQ’s ATPase activity could be employed
in vivo to couple RAD51 monomer removal with DNA transloca-
tion, allowing processive ﬁlament clearing [46]. It is also plausiblethat HELQ’s activity augments RAD54’s ability to remove ﬁlaments
from dsDNA. Presuming saturation of RAD-51 ﬁlaments on dsDNA
was achieved, HELQ-1’s capacity to deprotect circular templates
from restriction endonuclease digestion [46] indicates the ability
to remove RAD-51 from anywhere in the ﬁlament, not just ﬁlament
ends. The generation of gapped ﬁlaments would potentiate
RAD54’s activity since it acts only on subsaturated or discontinu-
ous ﬁlaments [43].
The intrinsic turnover of RAD51 ﬁlaments suggests an addi-
tional mechanism that would allow for substoichiometric amounts
of RFS-1 or HELQ-1 in ﬁlament clearance. In the model put forth by
van Mameren et al., monomers are released one at a time from ﬁl-
ament ends [62]. Disassembly ceases when subunits with unhy-
drolyzed ATP are encountered, thus segments between two such
monomers are stabilized or ‘‘locked in” despite their ATP status.
In fact, the burst kinetics of disassembly is consistent with long
stretches of ﬁlament containing hydrolyzed ATP being capped by
monomers with unhydrolyzed ATP: hydrolysis at the terminal sub-
unit would result in rapid release of long stretches of ﬁlament.
Therefore, any factor that stimulates RAD-51 ATP hydrolysis
(RFS-1) or removes monomers from ﬁlament ends or internal
sights independent of ATP hydrolysis (HELQ-1) could take advan-
tage of this intrinsic feature of RAD51 ﬁlament disassembly, result-
ing in faster ﬁlament clearance.
3.3. Implications for HelQ and Rad51 paralog mutations in disease
To date, there have been no reports linking HelQ mutations to
human disease. However, the C. elegans data demonstrating epista-
sis of helq-1 and fcd-2 [59] indicate that HELQ operates in the Fan-
coni Anemia (FA) branch of the DNA replication stress response
pathway. Fanconi Anemia is a disease associated with recessive
mutations in one of 13 different genes, resulting in congenital de-
fects, progressive bone marrow failure, reduced fertility and pre-
disposition to cancer. Cells from FA patients are sensitive to ICL
and other DNA damaging agents that induce replication stress,
indicating these proteins are normally involved in mediating repair
of damage encountered during replication. A similar spectrum of
damage sensitivity is observed in HELQ deﬁcient worms, ﬂies and
human cells [58,59,73]. These data suggest HelQ as a candidate
gene for mutational screening in FA patients not assigned to one
of the known complementation groups.
Biochemical examination of HELQ has revealed diverse activi-
ties in binding and unwinding DNA substrates with 30 ssDNA over-
hangs and forked structures [74]. These observations suggest a
possible mechanism of targeting HELQ to sights of replication
stress and/or HR intermediates at multiple steps of the pathway.
But once there, the C. elegans data indicate that HELQ-1’s helicase
activity is not critical for postsynaptic ﬁlament disruption at least
in vitro. This raises the question of whether HELQ has additional
roles in repair involving its DNA unwinding or translocase activity.
Whether HELQ’s ability to unwind lagging strands or regress repli-
cation fork-like structures in vitro [75–77] is relevant in the con-
text of damage encountered during replication remains
unknown, but the ﬁnding that HELQ’s ATPase activity is dispens-
able for postsynaptic RAD51 ﬁlament disruption raises the possi-
bility that the helicase dead mutant may separate these two
functions.
Whether HELQ has roles in mammalian meiotic DSB repair re-
mains to be determined. Mouse FA models display infertility asso-
ciated with meiotic defects [78–83], suggesting reduced fertility in
patients may be due to impairment of meiotic DSB repair. This im-
plies that HelQ mutations could confer a similar meiotic defect.
However, the redundancy between C. elegans HELQ-1 and RFS-1
indicates that meiotic roles for mammalian HELQ single mutants
may be likewise masked. Of note though is the observation that
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meiotic crossover formation between marker alleles for two differ-
ent intervals [46]; mammalian HelQ mutants should be examined
for a similar reduction in recombination levels.
The role of RAD51 paralog proteins in disease is unclear, but
spontaneous and DNA damage induced genomic instability ob-
served in mammalian cells carrying mutations in these genes
[52,84] suggest that like other mediators of the DNA damage re-
sponse, mutation of RAD51 paralogs may be associated with a wide
range of diseases involving tumorigenesis, neurodegeneration, fer-
tility, stem cell maintenance, immunity, and aging. Reports of asso-
ciation between RAD51 paralog gene variants and cancer have
indicated a potential link between paralog dysfunction and tumor-
igenesis [85], but deﬁnitive evidence is still lacking. The embryonic
lethality of mice carrying null alleles of paralog genes [86–88] has
impaired exploration of this link and other potential disease impli-
cations. Generation of a hypomorphic allele of Rad51C however,
has conﬁrmed a role for this paralog in meiotic DSB repair [65],
and recently, heterozygosity of Rad51C was shown to decrease tu-
mor latency of p53 heterozygous females [89], suggesting a direct
link between RAD51C and tumor suppression. Future studies
should focus on determining whether other paralogs in addition
to RFS-1 play a role in disruption of postsynaptic RAD51 ﬁlaments
and how this activity may contribute to the manifestation of vari-
ous phenotypes in vivo.
4. Conclusion
The disruption of factors involved in resolution of post-strand
exchange intermediates including D-loops and RAD51-dsDNA ﬁla-
ments have led to the discovery that reversal of these structures is
equally important as initiation. Indeed, the toxicity of persistent
postsynaptic RecA ﬁlaments may stem from the inability to load
DNA polymerase at the 30 end of the invading strand [18], indicat-
ing that strand exchange intermediates containing RecA family ﬁl-
aments are an obligatory impediment to subsequent repair steps.
Similarly, the failure to reverse D-loops in a timely manner can
lead to extension of gene conversion tracts, break induced replica-
tion and reciprocal exchanges. While these outcomes are not
harmful per se, they can have negative outcomes in the form of
rearrangements, duplications, deletions and loss of heterozygosity
[90–92]. Further elucidation of how factors such as RTEL1, HELQ
and paralogs of RAD51 are modulated with respect to reversal of
these HR intermediates will be critical to our understanding of
how pathway choice is governed.
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